###### Highlights

-   Excessive prostaglandin E~2~--EP4 (prostaglandin E receptor 4) signaling in vascular smooth muscle cells caused abdominal aortic aneurysm in mice.

-   EP4 stimulation increased IL (interleukin)-6 production via PKA (protein kinase A)--TAK1 (transforming growth factor-β--activated kinase 1)--NF-κB (nuclear factor-kappa B)/JNK (c-Jun N-terminal kinase)/p38 pathways in vascular smooth muscle cells isolated from mouse aorta and human abdominal aortic aneurysms.

-   EP4-induced IL-6 in vascular smooth muscle cells promoted Ly6C^hi^ monocyte/macrophage infiltration and MMP-9 (matrix metalloprotease-9) activation in the mouse aorta.

-   EP4 stimulation decreased lysyl oxidase protein expression in vascular smooth muscle cells isolated from mouse aorta and human abdominal aortic aneurysms.

Chronic inflammation is a pathological feature of diverse cardiovascular diseases. Prostaglandin E~2~ (PGE~2~)---a ubiquitous metabolite of arachidonic acid---is produced inducibly in inflamed tissues by COX-2 (cyclooxygenase-2) activity. PGE~2~, by binding to its receptors, EP1, EP2, EP3, and EP4 (prostaglandin E receptor 1, 2, 3, and 4) plays pleiotropic roles depending on environmental cues and exerts both pro- and anti-inflammatory effects to maintain homeostasis.^[@R1]^ The COX-2--PGE~2~ axis has been recognized to play a primary role in inflammatory conditions, but the mechanisms underlying its complexity of action in tissues composed of multiple cell types are still elusive.

Dysregulation of PGE~2~-mediated inflammatory responses may cause progressive vascular diseases, such as abdominal aortic aneurysm (AAA). Patient-derived tissues show high COX-2 and PGE~2~ expression,^[@R2],[@R3]^ and mouse studies have shown that COX-2--PGE~2~ signaling inhibition or genetic depletion attenuated the progression of these diseases.^[@R4],[@R5]^ Among PGE~2~ receptors, EP4 is gaining attention as an inducible proinflammatory factor and thus as a therapeutic target for some types of chronic inflammation, for example, rheumatoid arthritis.^[@R6]^ It has been demonstrated that EP4 expression was upregulated in human AAA tissues and was correlated with degeneration of elastic fibers,^[@R7],[@R8]^ which is a fundamental cause of AAA. In addition, a recent study has reported that EP4 expression in human AAA was correlated with smoking habit,^[@R9]^ which is a strong risk factor for AAA.

It has been demonstrated that AAA formation induced by Ang II (angiotensin II) or periaortic application of CaCl~2~ was attenuated in EP4 heterozygous knockout mice.^[@R7]^ Pharmacological inhibition of EP4 signaling also inhibited AAA mouse models.^[@R10],[@R11]^ On the other hand, when EP4 was completely depleted in vascular smooth muscle cells (VSMCs), Ang II administration exacerbated AAA formation.^[@R12]^ Similarly, homozygous deletion of EP4 on bone marrow--derived cells enhanced Ang II--induced AAA.^[@R13]^ These conflicting reports suggest that an adequate level of PGE~2~-EP4 signaling is required for VSMC homeostasis and to enable the protective effects of immune cells, but excessive EP4 signaling induces proinflammatory and destructive reactions in the aortic wall.

Based on previous reports of EP4 upregulation in VSMCs in human aneurysmal tissues^[@R7],[@R14]^ and the inhibitory role of EP4 on elastic fiber formation,^[@R15]^ we hypothesized that excessive EP4 signaling in VSMCs plays an important role in AAA progression. In the present study, we generated EP4-transgenic mice, in which EP4 is overexpressed selectively in VSMCs, and tested the hypothesis using multiple AAA animal models, including Ang II infusion and periaortic CaCl~2~ application, as well as human AAA tissues.

Methods
=======

The authors declare that all supporting data are available within the article and its [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297).

Genetically Modified Mice
-------------------------

SM22-Cre mice (Stock Tg \[Tagln-cre\] 1Her/J) and ApoE (apolipoprotein E) knockout (ApoE^−/−^) mice were purchased from the Jackson Laboratory (Bar Harbor, ME). EP4-transgenic constructs were generated by Unitech (Chiba, Japan). The transgenic construct is composed of a CAG promoter, 2 loxP sites flanking the coding region of *EGFP* (extended green fluorescent protein), and human *PTGER4* (EP4) cDNA (NM_000958.2), as shown in Figure IA in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297). The transgenic construct was injected into C57BL/6J mouse zygotes, and 2 mice positive for the transgene were obtained (founders). The 2 founders, named line A and line B, were mated with wild-type C57BL/6J mice to obtain the F1 generation. EGFP expression driven by the CAG promoter was used to determine the presence of the transgene, which was further confirmed by polymerase chain reaction. Each line of mice was kept as a heterogeneous transgenic line and bred to SM22-Cre mice to generate EP4-Tg mice in which EP4 was selectively overexpressed in VSMCs.

We also generated a mouse line of EP4 heterozygous knockout specifically in VSMCs (EP4^fl/+^;SM22-Cre) by crossing mice in which the exon 2 of the *EP4* gene was flanked by 2 loxP sites (EP4^fl/fl^)^[@R16]^ with the SM22-Cre mice. In addition, we generated a line that globally lacks ApoE and has EP4 heterozygous knockout in VSMCs (EP4^fl/+^;SM22-Cre;ApoE^−/−^). After EP4^fl/fl^ and SM22-Cre mice were each crossed with ApoE^−/−^, we obtained EP4^fl/fl^;ApoE^−/−^ and SM22-Cre;ApoE^−/−^, respectively. To generate EP4^fl/+^;SM22-Cre;ApoE^−/−^ and EP4^fl/+^;ApoE^−/−^, EP4^fl/fl^;ApoE^−/−^ mice were crossed with SM22-Cre;ApoE^−/−^. These mice were maintained with a C57BL/6 N genetic background through \>10 iterations of backcrossing. Male mice at 12 to 16 weeks of age were used for experiments. We used male mice in this study because the high incidence of human AAA and Ang II--induced experimental AAA in male has been shown.^[@R17]^

Ang II Infusion and Treatment
-----------------------------

Mice were infused with Ang II (Sigma-Aldrich, St. Louis, MO) subcutaneously via an ALZET mini-osmotic pump (DURECT, Cupertino, CA) at 1.0 or 3.0 μg/kg per min. Mice were anesthetized using Avertin (0.25 g/kg, intraperitoneal) before pump implantation. The day of pump implantation was considered to be day 0, and infusion was sustained until day 28 at maximum. EP4 antagonist (ONO-AE3-208) was diluted in 0.5% methylcellulose and orally administered at 0.1 mg/kg twice per day. Vehicle administration was used as a control. Anti--IL-6 receptor antibody (MR16-1) was diluted in PBS and administered via intraperitoneal injection at 10 mg/kg once every 2 days. The same amount of rat IgG was administered as a control. AE3-208 or MR16-1 was administrated starting 1 day before Ang II infusion. At sample collection, mice were euthanized with pentobarbital (13 mg, intraperitoneal). ONO-AE3-208 and MR16-1 were kindly provided by Ono Pharmaceutical Company (Osaka, Japan) and Chugai Pharmaceutical Company (Tokyo, Japan), respectively.

Flow Cytometry
--------------

Single-cell suspensions were obtained from mouse abdominal aorta by enzyme dissociation.^[@R18]^ Abdominal aorta between the diaphragm and bifurcation was freed of connective fat tissues. Aorta with adventitia was cut into 1-mm square pieces and treated for 60 minutes with the following enzyme solution: 125 U/mL of collagenase type XI (Sigma), 60 U/mL of type 1-s hyaluronidase (Sigma), 60 U/mL of type II DNase I (Sigma), 450 U/mL of type I collagenase (Worthington, Lakewood, NJ), 100 μmol/L CaCl~2~, and 0.1% BSA fraction V (Wako Pure Chemical Industries, Osaka, Japan) in PBS. The resulting single-cell suspension was treated with anti-CD16/32 and labeled with fluorescent dye-conjugated antibodies: BV421-CD45.2 (clone; 104), BV510-CD11b (clone; M1/70), PE-Ly6C (clone; HK1.4), PE-Cy7-F4/80 (clone; BM8), and APC-Cy7-Ly6G (clone; 1A8). Dead cells were labeled with 7AAD (7-amino-actinomycin D). All antibodies used in this assay were purchased from BioLegend (San Diego, CA). Flow cytometric analysis and sorting were performed using a FACSAria (BD Biosciences), and data were analyzed using FlowJo software (Flowjo, LLC, Ashland, OR).

Statistics
----------

Data are presented as the mean±SEM of \>3 independent experiments. Statistical comparison between 2 groups was performed using the Mann-Whitney *U* test. Statistical comparison among multiple groups was performed using the Kruskal-Wallis test, followed by Fisher least significant difference post hoc test, the Mann-Whitney *U* test. A *P* of \<0.05 was considered significant. Time to death in the in vivo AAA model was compared by the log-rank test.

Study Approval
--------------

All experiments using animals and human samples were approved by the Institutional Review Board at Yokohama City University (F-A-16-011 and B130307001) and conformed to the principles outlined in the Declaration of Helsinki. All animal experiments were performed according to the National Institutes of Health guidelines (Guide for the Care and Use of Laboratory Animals). Human AAA specimens were obtained only after written informed consent had been obtained.

Results
=======

Generation of VSMC-Selective EP4-Overexpressed Mice (EP4-Tg)
------------------------------------------------------------

To investigate the role of excessive EP4 signaling in VSMCs, we constructed EP4-Tg mice, in which human EP4 is selectively overexpressed in VSMCs under the SM22α promoter (Figure IA and IB in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). Expression of endogenous (mouse) and human EP4 mRNA in the aorta was 7.0-fold higher in EP4-Tg mice (line A) than in littermate nontransgenic mice (non-Tg; Figure IC in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). We confirmed Cre/loxP site-specific recombination by lower GFP intensity in VSMCs of EP4-Tg mice (Figure ID in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). EP4 agonist (ONO-AE1-329)--induced cyclic AMP production was 8.9× greater in aortic VSMCs of EP4-Tg than in non-Tg VSMCs (Figure IE in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)), suggesting that overexpressed EP4 is functionally active. This EP4 overexpression did not affect VSMC viability (Figure IF in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). There were no differences in the expressions of other PGE~2~ receptor subtypes, namely, EP1, EP2, and EP3, between EP4-Tg and non-Tg (Figure IG through II in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). Body weights, cardiac functions, and serum lipid profiles were similar between EP4-Tg and non-Tg mice (Table I in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)).

In a different line of EP4-Tg (line B), EP4 was moderately but significantly overexpressed in VSMCs (Figure IIA and IIB in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). EP4 agonist--induced cyclic AMP production was 2.2× greater in aortic VSMCs of EP4-Tg than in non-Tg VSMCs (Figure IIC in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). There was no difference in the expression levels of EP1, EP2, and EP3 mRNAs between line B EP4-Tg and non-Tg (Figure IID through IIF in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). There was no difference in body weights, cardiac functions, and serum lipid profiles between EP4-Tg and non-Tg mice (Table II in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)).

Ang II Infusion Induced Dissecting AAA and Rupture in EP4-Tg
------------------------------------------------------------

Ang II is known as a potent inducer of PGE~2~-producing COX-2 expression in the aorta.^[@R4]^ There was no difference in blood pressure at baseline between EP4-Tg and non-Tg mice, and blood pressure was similarly increased by Ang II infusion in both EP4-Tg and non-Tg mice (Figure IIIA in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). However, a difference in aortic diameter, with EP4-Tg mice having larger diameters, appeared around day 7 of Ang II infusion and became prominent at day 14 (Figure [1](#F1){ref-type="fig"}A through [1](#F1){ref-type="fig"}D). Elastic fiber destruction preceded aortic diameter expansion and was detectable at day 4 of Ang II infusion (Figure [1](#F1){ref-type="fig"}B and [1](#F1){ref-type="fig"}D). Most EP4-Tg mice died of AAA rupture within 14 days after the start of Ang II infusion (1.0 μg/kg per min), and all Ang II--treated EP4-Tg mice died within 28 days (Figure [1](#F1){ref-type="fig"}E). In contrast, all non-Tg mice survived for all 28 days (Figure [1](#F1){ref-type="fig"}E). Oral administration of EP4 antagonist attenuated Ang II--induced AAA formation in EP4-Tg and improved the survival rate of EP4-Tg mice infused with Ang II (Figure IV in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)).

![**EP4 (prostaglandin E receptor 4) overexpression in vascular smooth muscle cells promoted dissecting abdominal aortic aneurysm and rupture after Ang II (angiotensin II) infusion.** **A**, Representative images of aortas of nontransgenic (non-Tg) and EP4-Tg before and after Ang II infusion. Scale bars=5 mm. **B**, Elastica van Gieson--stained sections of the abdominal aortas of non-Tg and EP4-Tg mice after Ang II infusion. Lower stained sections (scale bars=20 μm) are magnifications of the upper stained sections (scale bars=500 μm). **C** and **D**, Maximum aortic diameter and elastin degradation grade of the aortas of non-Tg and EP4-Tg mice infused with Ang II. n=5 to 8. **E**, Survival rates of non-Tg and EP4-Tg mice after Ang II infusion. n=8 to 10. NS indicates not significant. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](atv-40-1559-g001){#F1}

Like line A EP4-Tg, line B EP4-Tg mice exhibited increased aortic diameter and elastic fiber disruption after 28 days of Ang II infusion (3.0 μg/kg per min), but littermate line B non-Tg mice did not (Figure V in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). These data suggest that EP4 signaling in VSMCs contributes to elastic fiber disruption, leading to aortic rupture or dissection.

Ang II--Induced AAA Formation Was Inhibited in VSMC-Selective EP4 Heterozygous Knockout Mice
--------------------------------------------------------------------------------------------

To further investigate the role of EP4 in VSMCs on AAA formation, we used VSMC-selective EP4 heterozygous knockout mice with ApoE deficiency (EP4^fl/+^;SM22-Cre;ApoE^−/−^), in which the expression level of EP4 mRNA was 47% lower compared with EP4^fl/+^;ApoE^−/−^ mice (Table III in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). Body weights, cardiac functions, and serum lipid profiles were similar between these 2 lines (Table III in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). Aortic diameter and elastic fiber formation at baseline were not different between EP4^fl/+^;SM22-Cre;ApoE^−/−^ and EP4^fl/+^;ApoE^−/−^ mice (Figure [2](#F2){ref-type="fig"}).

![**EP4 (prostaglandin E receptor 4) heterozygous knockout in vascular smooth muscle cells inhibited abdominal aortic aneurysm and rupture after Ang II (angiotensin II) infusion.** **A**, Representative images of aorta for EP4^fl/+^;ApoE^−/−^ and EP4^fl/+^;SM22-Cre;ApoE^−/−^ mice before and after Ang II infusion. Scale bars=1 mm. **B** and **D**, Maximum aortic diameter and elastin degradation grade of the aorta in EP4^fl/+^;ApoE^−/−^ and EP4^fl/+^;SM22-Cre;ApoE^−/−^ mice infused with Ang II. n=9 to 13. **C**, Elastica van Gieson--stained sections of the abdominal aorta for EP4^fl/+^;ApoE^−/−^ and EP4^fl/+^;SM22-Cre;ApoE^−/−^ mice after Ang II infusion. Scale bars=500 μm. ApoE^−/−^ indicates apolipoprotein E knockout; and NS, not significant. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](atv-40-1559-g002){#F2}

Although Ang II--induced increase in blood pressure was higher in EP4^fl/+^;SM22-Cre;ApoE^−/−^ than in EP4^fl/+^;ApoE^−/−^ mice (Figure IIIB in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)), Ang II infusion promoted AAAs in EP4^fl/+^;ApoE^−/−^ mice, while reduced EP4 expression in VSMCs (EP4^fl/+^;SM22-Cre;ApoE^−/−^) inhibited Ang II--induced AAA formation (Figure [2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}B). In accordance with inhibited aortic expansion, elastic fiber degradation was attenuated in EP4^fl/+^;SM22-Cre;ApoE^−/−^ (Figure [2](#F2){ref-type="fig"}C and [2](#F2){ref-type="fig"}D).

Periaortic CaCl~2~ Application--Induced AAA Formation Was Accelerated in EP4-Tg and Inhibited in VSMC-Selective EP4 Heterozygous Knockout Mice
----------------------------------------------------------------------------------------------------------------------------------------------

We examined the role of EP4 in VSMCs using a CaCl~2~-induced mouse model of AAA as well.^[@R19]^ At 14 days after periaortic CaCl~2~ application, EP4-Tg mice exhibited enhanced dilatation of abdominal aorta and elastin disruption compared with non-Tg (Figure VIA through VID in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)).

We then investigated the effect of reduced expression of EP4 using VSMC-selective EP4 heterozygous knockout mice without dyslipidemia background, that is, EP4^fl/+^;SM22-Cre, which have a 43% lower expression level of EP4 mRNA compared with EP4^+/+^;SM22-Cre mice (Table IV in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). Cardiac functions were similar between these two lines (Table IV in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). Aortic diameter and elastic fiber formation at baseline were not different between EP4^fl/+^;SM22-Cre and EP4^+/+^;SM22-Cre mice (Figure VIE through VIG in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). Periaortic CaCl~2~ application over 6 weeks induced aortic diameter expansion with elastic fiber disruption in EP4^+/+^;SM22-Cre mice, which were significantly attenuated in EP4^fl/+^;SM22-Cre (Figure VIE through VIH in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)).

Immune Infiltrates Were Increased in EP4-Tg Aorta Treated With Ang II
---------------------------------------------------------------------

To analyze the infiltration of immune cells into EP4-Tg mouse aorta under Ang II stimulation, we performed fluorescence-activated cell sorting analysis of the abdominal aorta (Figure [3](#F3){ref-type="fig"}A). Under baseline conditions in both EP4-Tg and non-Tg mice, CD45.2^+^/CD11b^+^ myeloid cells within the aorta were negative for both Ly6G (a marker of neutrophils) and Ly6C (a marker of inflammatory monocytes/macrophages) and positive for F4/80 (a marker of macrophages). Thus these myeloid cells were considered to be resident macrophages,^[@R20]^ and no obvious proinflammatory immune infiltrates were present in the aorta (Figure [3](#F3){ref-type="fig"}A) before Ang II infusion.

![**Inflammatory monocyte/macrophage invasion and MMP (matrix metalloprotease)-9 activity were enhanced in EP4 (prostaglandin E receptor 4)-Tg aorta at initial stage of abdominal aortic aneurysm formation.** **A**, Representative fluorescence-activated cell sorting (FACS) plots of cell suspensions obtained from the abdominal aorta before and after Ang II (angiotensin II) infusion. **B**, Percentage of each cell fraction from FACS analysis. n=9. **C** and **D**, Representative image of gelatin zymography of cell suspensions obtained from the abdominal aorta for nontransgenic (non-Tg; N) and EP4-Tg (E) before and after Ang II infusion. Protein expression of pro-MMP-9 and activity of MMP from gelatin zymography. P: recombinant MMP-9 as a positive control. n=6 to 7. **E**, Semiquantitative polymerase chain reaction of cell fraction from FACS analysis. CD indicates cluster of differentiation; FSC, forward scatter; and NS, not significant. \**P*\<0.05, \*\**P*\<0.01.](atv-40-1559-g003){#F3}

Four days after Ang II infusion, we observed a marked increase in CD45.2^+^/CD11b^+^ myeloid cells in the EP4-Tg mouse aorta and a moderate increase in myeloid cells in the non-Tg mouse aorta. Among these cells, the number of Ly6C^hi^ monocytes/macrophages was significantly higher in the EP4-Tg aorta than in the non-Tg aorta (Figure [3](#F3){ref-type="fig"}A and [3](#F3){ref-type="fig"}B). It is known that Ly6C^hi^ cells represent the inflammatory features within the multiple roles of monocytes.^[@R21]^ The number of neutrophils tended to be higher in the EP4-Tg aorta than in the non-Tg aorta, but this difference was not significant (Figure [3](#F3){ref-type="fig"}B).

MMP-9 (matrix metalloproteinase-9) derived from immune infiltrates plays important roles in the progression of AAA.^[@R22]^ Aortic tissues of EP4-Tg mice infused with Ang II for 4 days exhibited marked increases in both pro- and active MMP-9 compared with baseline conditions, whereas active MMP-9 was not detected in the aorta of non-Tg mice infused with Ang II (Figure [3](#F3){ref-type="fig"}C and [3](#F3){ref-type="fig"}D).

To examine the cell types that produce PGE~2~, we examined COX-2 mRNA expression of nonimmune cells, infiltrated Ly6C^hi^ monocytes/macrophages, and resident macrophages in EP4-Tg AAA induced by Ang II infusion for 4 days. Infiltrated Ly6C^hi^ monocytes/macrophages highly expressed COX-2 mRNA and nonimmune cells, that is, VSMCs, moderately expressed COX-2, but resident macrophages had faint COX-2 mRNA expression (Figure [3](#F3){ref-type="fig"}E). These data suggest that EP4 signaling in VSMCs promoted infiltration of Ly6C^hi^ monocytes/macrophages and increased PGE~2~ production and MMP-9 activity in the aorta.

EP4 Signaling Promoted IL-6 Production in VSMCs via TAK1--NF-κB/JNK/p38 Pathways
--------------------------------------------------------------------------------

Based on our fluorescence-activated cell sorting analysis, we suspected that VSMC-derived factors may affect the observed increase in immune infiltration. We then performed a microarray analysis of EP4-Tg aortic VSMCs treated with PGE~2~ (accession number: GSE146758). Although immunofluorescence staining in EP4-Tg infused with Ang II and the previous study in human AAA^[@R8]^ indicated that infiltrated monocytes/macrophages produced IL (interleukin)-6 (Figure VIIA in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)), a gene set enrichment analysis of microarray data revealed that PGE~2~-EP4 signaling upregulated the gene set related to gene ontology cytokine receptor binding in EP4-Tg VSMCs (Table V in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297); Figure VIIB in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). In this gene set, the expression level of *Il6* (IL-6)---the most dramatically upregulated gene---was 46.6-fold higher in EP4-Tg VSMCs treated with PGE~2~ than in untreated EP4-Tg VSMCs (Table VI in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)).

In accordance with the microarray data, real-time reverse transcription polymerase chain reaction demonstrated that an EP4 agonist (ONO-AE1-329) or PGE~2~ stimulation significantly increased *Il6* mRNA expression within 3 hours (Figure [4](#F4){ref-type="fig"}A) and that IL-6 protein secretion was increased 72-fold 6 hours after EP4 stimulation in EP4-Tg aortic VSMCs (Figure [4](#F4){ref-type="fig"}B).

![**EP4 (prostaglandin E receptor 4)-PKA (protein kinase A)-TAK1 (transforming growth factor-β--activated kinase 1) and NF-κB (nuclear factor-kappa B) pathway increased IL (interleukin)-6 production and IL-6 inhibiton attenuated Ang II (angiotensin II)--induced abdominal aortic aneurysm.** **A**, Expression of *Il6* mRNA in EP4-Tg aortic vascular smooth muscle cells (VSMCs) stimulated with EP4 agonist and prostaglandin E~2~ (PGE~2~). n=5. **B**, IL-6 protein expression was measured by ELISA in EP4-Tg aortic VSMCs stimulated with the indicated drugs. n=6. **C**, Elastica van Gieson--stained (EVG) and immunohistochemically stained sections of the abdominal aortas of nontransgenic (non-Tg) and EP4-Tg mice after Ang II infusion. Scale bars=50 μm. **D**, Semiquantitative analysis of **C**. n=7 to 8. **E**, IL-6 protein expression was measured by ELISA in abdominal aorta from EP4-Tg before and after Ang II infusion. n=4 to 7. **F**, Representative images of aorta from Ang II--infused EP4-Tg treated with MR16-1. Scale bars=5 mm. **G**, Survival rates of Ang II--infused EP4-Tg treated with MR16-1 or control rat IgG. **H**, The number and proportion of cells in each gate from fluorescence-activated cell sorting analysis of abdominal aorta from Ang II--infused EP4-Tg at day 4. n=6. NS indicates not significant; and αSMA, alpha smooth muscle actin. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](atv-40-1559-g004){#F4}

We then investigated the downstream signaling pathways of EP4 regarding IL-6 upregulation and found that EP4-induced IL-6 upregulation was attenuated by inhibition of PKA (protein kinase A). TAK1 (transforming growth factor-β--activated kinase 1) was reported to be a downstream molecule of PKA. PKA-induced phosphorylation of Ser-412 causes TAK1 activation and subsequent IL-6 upregulation.^[@R23],[@R24]^ Thr-187 located at the TAK1 kinase domain is also required for TAK1 activation and cytokine production.^[@R24],[@R25]^ Upon TAK1 activation, TAK1 phosphorylates IKK (IκB kinase), as well as JNK (c-Jun NH2-terminal kinase), and p38. Activated IKK further phosphorylates IκB proteins, leading to IκB protein degradation and thus activation of NF-κB (nuclear factor-kappa B)--dependent gene transcription.^[@R26],[@R27]^ We used multiple inhibitors and found that TAK1, NF-κB, p38, and JNK, but not ERK1/2 (extracellular signal--regulated kinase 1/2), were involved in EP4-induced IL-6 production in VSMCs (Figure [4](#F4){ref-type="fig"}B).

EP4 agonist stimulation significantly increased the phosphorylation of TAK1 Ser-412 and Thr-187, JNK, and p38 and decreased IκBα in a time-dependent manner in EP4-Tg VSMCs (Figure VIIC through VIIH in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). In accordance with these in vitro data, immunohistochemical analysis revealed that aortic tissues isolated from EP4-Tg infused with Ang II exhibited increased TAK1 phosphorylation (Ser-412 and Thr-187) and elevated IL-6 proteins in VSMCs (Figure [4](#F4){ref-type="fig"}C and [4](#F4){ref-type="fig"}D). In addition, phosphorylated TAK1 (Ser-412 and Thr-187), JNK, p38, and IKKα/β proteins were present in AAA of EP4-Tg VSMCs (Figure VIIIA in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). These data suggested that EP4-PKA signaling increases IL-6 secretion via TAK1--NF-κB/JNK/p38 pathways.

Involvement of EP4-Induced IL-6 in Ang II--Induced AAA
------------------------------------------------------

Quantitative analysis using ELISA confirmed the significant upregulation of IL-6 protein levels in the abdominal aortas of EP4-Tg mice infused with Ang II but not in non-Tg mice (Figure [4](#F4){ref-type="fig"}E). We then examined the effect of IL-6 in AAA formation in EP4-Tg. Intraperitoneal injection of anti--IL-6R antibody (MR16-1) did not affect blood pressure, at least during the first 4 days of Ang II infusion (Figure IIIC in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)), but inhibited AAA formation and significantly improved the survival rate of EP4-Tg infused with Ang II (Figure [4](#F4){ref-type="fig"}F and [4](#F4){ref-type="fig"}G). Fluorescence-activated cell sorting analysis revealed that the Ang II--induced increase in Ly6C^hi^ monocytes/macrophages tended to be inhibited by MR16-1 (Figure [4](#F4){ref-type="fig"}H), although this difference did not reach significance (*P*=0.06; Figure [4](#F4){ref-type="fig"}H).

In addition to IL-6, PGE~2~ stimulation also increased *Cxcl1* (C-X-C motif chemokine ligand 1) mRNA 9.7-fold in EP4-Tg aortic VSMCs (Table VI in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297); Figure IXA in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). A ligand of CXCR2 (C-X-C motif chemokine receptor 2) CXCL1 plays a role in aortic inflammation and as a chemoattractant for neutrophils,^[@R28]^ and CXCL1 proteins were highly expressed in the abdominal aorta of EP4-Tg infused with Ang II compared with that of non-Tg (Figure IXB in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). However, Ang II--induced AAA-related death in EP4-Tg mice was not inhibited by CXCR2 antagonist administration (Figure IXC in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). These data suggested that EP4-induced IL-6 secretion plays roles in aortic inflammation and AAA formation to at least some degree.

EP4 Stimulation Decreased Protein Expression of LOX in VSMCs
------------------------------------------------------------

LOX (lysyl oxidase) catalyzes the oxidative deamination of elastin and collagen monomers. By producing trimers, it contributes to the integrity and stabilization of vessel wall.^[@R29]^ Loss-of-function mutation in LOX causes impairment of elastin layer genesis and aortic aneurysm in mice and humans.^[@R30]--[@R32]^ Since it has been demonstrated that EP4 signaling reduced LOX protein expression via lysosomal degradation in fetal VSMCs,^[@R15]^ we examined whether EP4 signaling affected LOX expression in EP4-Tg VSMCs. Expression level of LOX mRNA was not changed by treatment with an EP4 agonist or PGE~2~ (Figure [5](#F5){ref-type="fig"}A), although an EP4 agonist decreased LOX protein expression in the supernatant of EP4-Tg VSMCs; the latter effect was attenuated by the lysosomal inhibitor bafilomycin (Figure [5](#F5){ref-type="fig"}B and [5](#F5){ref-type="fig"}C).

![**EP4 (prostaglandin E receptor 4) stimulation decreased lysyl oxidase expression via lysosomal degradation.** **A**, Expression of Lox (lysyl oxidase) mRNA level in EP4-Tg vascular smooth muscle cells (VSMCs) stimulated with EP4 agonist or prostaglandin E~2~ (PGE~2~). n=7 to 8. **B** and **C**, Representative blot and relative protein expression of lysyl oxidase for supernatant of EP4-Tg VSMCs stimulated with EP4 agonist±EP4 antagonist or bafilomycin. n=5. **D**, Images of immunohistochemistry for lysyl oxidase of the abdominal aortas at baseline conditions and after Ang II (angiotensin II) administration (nontransgenic \[non-Tg\], day28; EP4-Tg, days 7--13). The aorta of EP4-Tg infused with Ang II was ruptured. Scale bars=50 µm. **E**, Semiquantitative analysis of **D**. n=5. NS indicates not significant. \**P*\<0.05, \*\**P*\<0.01.](atv-40-1559-g005){#F5}

Immunohistochemistry demonstrated that LOX protein expression was similar in both EP4-Tg and non-Tg VSMCs in vivo at basal conditions. After Ang II infusion, however, LOX protein expression was significantly lower in EP4-Tg VSMCs than in non-Tg, which was in accordance with the degree of elastic fiber formation (Figure [5](#F5){ref-type="fig"}D and [5](#F5){ref-type="fig"}E).

EP4-Induced IL-6 Production and LOX Downregulation in Human AAA
---------------------------------------------------------------

Based on these findings in mice, we investigated the roles of EP4 in human AAA specimens. In accordance with our in vitro mouse data, EP4 stimulation markedly increased IL-6 protein expression, and this upregulation was inhibited by inhibitors of PKA, TAK1, JNK, p38, or NF-κB in human VSMCs isolated from AAA tissues (Figure [6](#F6){ref-type="fig"}A). LOX proteins were significantly decreased by EP4 stimulation as well (Figure [6](#F6){ref-type="fig"}B and [6](#F6){ref-type="fig"}C). In human AAA tissues, immunohistochemical analysis revealed enhanced protein expressions of IL-6 and phosphorylated TAK1 (Ser-412 and Thr-187) in the tunica media (Figure [6](#F6){ref-type="fig"}D and [6](#F6){ref-type="fig"}E). In accordance with the results of EP4-Tg AAA, phosphorylated TAK1 (Ser-412 and Thr-187), JNK, p38, and IKKα/β proteins were present in human AAA VSMCs (Figure VIIIB in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)).

![**EP4 (prostaglandin E receptor 4) pathway induced IL (interleukin)-6 production and lysyl oxidase inhibition in human abdominal aortic aneurysm (AAA) vascular smooth muscle cells (VSMCs) and AAA tissues.** **A**, IL-6 protein expression was measured by ELISA in human AAA (hAAA) VSMCs stimulated with the indicated drugs. n=5 to 8. **B** and **C**, Representative image and expression level of lysyl oxidase protein in supernatant of hAAA VSMCs stimulated with EP4 agonist. **D**, Elastica van Gieson--stained (EVG) and immunohistochemically stained sections of tissue from aorta and AAA. Scale bars=50 μm. **E**, Semiquantitative analysis of **D** in control aorta (hAorta) and hAAA. n=6 to 7. ND indicates not detected; and TAK1, transforming growth factor-β--activated kinase 1. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](atv-40-1559-g006){#F6}

Discussion
==========

It is well recognized that chronic inflammation underlies AAA pathology, and the involvement of immune cells in this condition is well documented. In addition, the concept that tissue constituent cells are actively involved in inflammatory responses has recently emerged. VSMCs are major vascular tissue constituent cells that contribute to vascular homeostasis and pathological remodeling. A study using VSMC-conditional gene modification demonstrated that VSMC phenotypic switch plays an important role in the progression of atherosclerosis.^[@R33]^ Selective depletion of genes such as *LRP1* in VSMCs also causes aneurysmal remodeling.^[@R34],[@R35]^ Although these studies clearly demonstrate the involvement of the VSMC phenotype per se in arterial diseases, the molecular mechanisms amplifying the inflammation through interactions of immune cells have not been thoroughly explained to date.

Here, we show that PGE~2~-EP4 signaling in VSMCs plays a critical role in the exacerbation of vascular inflammation during the interactions between immune cells. The present study suggests that excessive EP4 signaling in VSMCs promotes infiltration and activation of monocytes/macrophages in the aortic wall, in which, at least in part, VSMC-derived IL-6 is involved.

Ang II infusion into nonhyperlipidemic mice is known to promote inflammatory monocyte accumulation.^[@R36]^ In accordance with this finding, we observed that Ang II infusion slightly increased Ly6C^hi^ monocytes/macrophages in aortic tissues of non-Tg mice (Figure [3](#F3){ref-type="fig"}A). It is known that periaortic CaCl~2~ application induces the infiltration of monocytes/macrophages into the media and adventitia.^[@R19]^ In the present study, EP4 overexpression in VSMCs per se did not enhance inflammation of the aorta and aneurysmal changes, and our preliminary data showed that EP4 agonist administration did not induce inflammatory responses and AAA/aortic dissection in EP4-Tg mice (data not shown). Hence, EP4-induced amplification of aortic inflammation was suggested to occur based on initial vascular injury followed by recruitment of inflammatory monocytes/macrophages. In addition to promoting immune infiltrates, Ang II is a potent inducer of COX-2 transcription,^[@R37]^ and it has been shown that Ang II infusion upregulates COX-2 expression even in the wild-type mouse aorta as early as 3 days after initiating infusion.^[@R4]^ An increase in PGE~2~ induced by Ang II could also be involved in the initiation of EP4-mediated enhancement of vascular inflammation. Our data demonstrated that infiltrated monocytes/macrophages and VSMCs expressed COX-2 mRNAs after Ang II infusion, suggesting that infiltration of monocytes/macrophages and Ang II administration further enhanced EP4 signaling in the vascular walls via PGE~2~ production.

It has been reported that Ang II causes aortic dissection in some types of mice without dyslipidemia.^[@R38],[@R39]^ EP4-Tg infused with Ang II exhibited aortic aneurysm only in the abdominal aorta but not in the thoracic aorta. In EP4-Tg mice 4 days after Ang II infusion, a focal dissection in the suprarenal region accompanied with elastic lamella breaks and medial accumulation of macrophages were observed. Subsequently, luminal dilation and thrombus formation became evident as shown in Figure [1](#F1){ref-type="fig"}B. These processes are similar to that of Ang II--induced AAA in hyperlipidemic mice.^[@R40]^ Although the early stage of Ang II--induced AAA in EP4-Tg demonstrated a focal dissection in the tunica media, the typical aortic dissection induced by Ang II as reported in the literature^[@R38],[@R39]^ was not observed in EP4-Tg mice.

In this study, we performed an unbiased analysis using PGE~2~-treated VSMCs of EP4-Tg. Gene set enrichment analysis using all gene sets belonging to the gene ontology molecular function revealed that 301 gene sets significantly positively correlated to EP4 signaling (false discovery rate, \<0.25), in which 71 gene sets contain \>100 genes in each gene set (Table V in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297)). We focused a gene set related to cytokine receptor binding. Among these genes, the most strongly upregulated gene was *Il6*. Our findings regarding anti--IL-6 receptor antibody suggest that EP4-mediated IL-6 upregulation is involved in enhancement of immune infiltrates and AAA formation in EP4-Tg mice. Because it has not been reported that IL-6 exhibits chemotactic activity, VSMC-derived IL-6 seems to activate Ang II--induced Ly6C^hi^ monocytes/macrophages, resulting in further recruitment of inflammatory immune cells. In addition, infiltrated macrophages/monocytes were demonstrated to produce IL-6 via EP4 in human AAA^[@R8]^ and EP4-Tg mice, suggesting that immune infiltrates also contribute to IL-6--mediated inflammatory reaction.

It has been reported that Ang II--induced activated monocytes/macrophages promoted immune infiltration through macrophage-derived MCP-1 (monocyte chemoattractant protein-1).^[@R41]^ Chemoattractants such as MCP-1 may mediate the enhancement of immune infiltrates in the EP4-Tg aortic wall. Although our data indicate that IL-6 plays roles in aortic inflammation as an EP4-mediated proinflammatory cascade after 4 days of Ang II administration, we also observed that blockade of IL-6 receptor did not totally protect EP4-mediated AAA over longer periods (15 days). In addition to IL-6 production, multiple EP4-mediated VSMC-derived factors as shown in Table VI in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314297) may also contribute to AAA formation. Further study is required to fully understand the cytokine/chemokine network involved in AAA exacerbation.

The present study demonstrated EP4 as an upstream receptor that stimulates the TAK1--NF-κB/JNK/p38 signaling pathways. Because of its multimodality, TAK1 is gaining attention as a key regulator of inflammatory diseases and cell survival.^[@R26]^ There is only one published investigation, however, on the role of TAK1 in VSMCs, namely, a study on neointima formation.^[@R42]^ To the best of our knowledge, less reports have shown the involvement of TAK1 in aneurysmal formation. TAK1 mediates various inflammatory stimuli,^[@R26]^ including the IL-1R (IL-1 receptor) and TLR (Toll-like receptor) signaling pathways, via phosphorylation of multiple sites such as Thr-187 in the TAK1 kinase domain in an autophosphorylated manner.^[@R25]^ In addition, recent reports have demonstrated that PKA catalytic subunit-α phosphorylates Ser-412 located at the C terminus outside of TAK1 kinase domain, which in turn leads to IL-6 production.^[@R23],[@R24]^ Our data demonstrated that EP4-mediated PKA activation promoted the phosphorylation of both TAK1 Thr-187 and Ser-412. EP4-mediated cyclic AMP-PKA signaling may induce cross talk with these immune cell--derived IL-1R/TLR signaling pathways via modulating multiple TAK1 phosphorylation sites and amplifying inflammatory reactions such as IL-6 production in vivo.

LOX activity impairment causes aortic immature fiber formation in aortic elastin and collagen and aortic aneurysm in both in vivo mouse models and humans.^[@R30],[@R32]^ The present study suggests that the EP4 signaling pathway is involved in the attenuation of cross-linking of elastin/collagen fibers during the development of AAA via a decrease in LOX protein expression. Collagen and elastic fibers are responsible for vascular stiffness and elasticity, which prevents the rupture of elastic arteries when exposed to high blood pressure.^[@R43]^ During AAA progression, LOX would play a protective role in maintaining vascular physical properties. The present study suggests the mechanism by which LOX protein expression is decreased in AAAs, although we currently do not know how this LOX downregulation affects the regeneration of extracellular matrix fiber formation in AAA in vivo. Our previous study demonstrated that EP4-PLC (phospholipase C) signaling promoted lysosomal degradation of LOX in the fetal artery.^[@R15]^ In accordance with those findings, the data in the present study suggest that LOX protein expression is regulated by degradation rather than transcriptional regulation. Further study is required to clarify the EP4 downstream signaling pathways that are involved in LOX protein expression in AAA.

AAA is a relatively common progressive lethal disease, but there is currently no proven medical therapy. In mouse models, the genetic depletion of COX-2 inhibits AAA formation.^[@R4]^ Accumulating evidence has demonstrated that inhibiting PGE~2~ production with nonsteroidal anti-inflammatory drugs or COX inhibitors attenuates AAA in mouse models.^[@R44]--[@R46]^ In humans, the progression of AAA was mitigated in patients taking COX-inhibiting nonsteroidal anti-inflammatory drugs.^[@R47]^ Based on this emerging evidence, inducible PGE~2~ may play a primary role in AAA progression, and inhibition of the PGE~2~-mediated signaling cascade appears to be a therapeutic strategy. However, nonsteroidal anti-inflammatory drugs and COX-2 inhibitors are not suitable for long-term administration because they have serious side effects. Hyperlipidemia and renin-angiotensin activation are known to be risk factors for AAA progression,^[@R48]^ but AAA expansion was not associated with hypercholesterolemia in clinical studies.^[@R49]^ The efficacy of renin-angiotensin system--inhibiting drugs also remains controversial.^[@R50]^

In our EP4-Tg models, we confirmed Cre/loxP site-specific recombination in VSMCs but could not confirm EP4 protein expression, which is the limitation of this study. These is no available anti-EP4 antibody that is selective enough for mouse and human EP4; however, line A and line B exhibited 7.0- and 3.7-fold increases, respectively, in EP4 mRNA expression, which are similar in magnitude to the overexpression range of EP4 in human AAA (a 3.2-fold increase).^[@R7]^ The degree of IL-6 production and elastic fiber destruction induced by Ang II or CaCl~2~ administration in the aorta was high in line A and mild in line B, suggesting that these responses are EP4 dependent. To inhibit excessive EP4 signaling, we administered a low dose of EP4 antagonist and found that AAA formation in EP4-Tg was attenuated. The experiments with EP4 heterozygous deletion mice in the present study also suggest that attenuation of excessive EP4 signaling inhibits AAA formation. In addition, previous reports have demonstrated that low-dose treatment with EP4 antagonist had inhibitory and therapeutic effects on AAA progression in mouse models.^[@R7],[@R11]^

In contrast to the effects of excessive EP4 signaling, EP4 signaling at normal or baseline levels plays critical roles in vascular development and physiology.^[@R51],[@R52]^ Global and VSMC-specific EP4-null mice died within 72 hours after birth due to patent ductus arteriosus.^[@R51]--[@R53]^ In accordance with these reports, we generated EP4^fl/fl^;SM22-Cre (EP4 null in VSMCs) using the EP4^fl/fl^ mice,^[@R16]^ which was different from the abovementioned EP4^fl/fl^ mice^[@R52]^ and found that all of these mice also died within 48 hours after birth due to the same phenotype (data not shown). Gruzdev et al^[@R52]^ have further demonstrated that EP4 plays certain roles in the development of contractility in the vessels. Another recent study has demonstrated that the VSMC-specific homologous deletion of EP4 promoted MCP-1 production and Ang II--induced AAA,^[@R12]^ although these VSMC-selective EP4-null mice did not display patent ductus arteriosus and lethal phenotypes. Anti-inflammatory roles of baseline expression level of EP4 has also been reported in endothelial cells.^[@R54]^ Hao et al^[@R54]^ demonstrated that total deletion of EP4 in endothelial cells exacerbated vascular neointima formation by attenuation of endothelial cell proliferation and promotion of endothelium-leukocyte adhesion and that an EP4 agonist suppressed neointima formation after vascular injury.

These studies suggest that a moderate or baseline expression level of EP4 is important for the maintenance of vascular homeostasis, while dysregulated EP4 signaling exacerbates vascular inflammation and attenuates arterial wall stiffness in AAAs. Inhibition of excessive EP4 signaling may be a therapeutic strategy for AAA.
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